hysical exercise can have both acute and enduring effects on the gastrointestinal system. Physiological changes occur during exercise and as a result of repetitive physical activity. As a lifestyle measure, routine exercise has been associated with a reduced risk of developing certain gastrointestinal diseases. Exercise can also be beneficial for patients with gastrointestinal disease. Unpleasant gastrointestinal symptoms during vigorous exercise may limit athletes in competition and conversely, competitive sport can have adverse effects on the gastrointestinal tract. This article aims to explore the relationship between exercise and the gastrointestinal system and to prepare clinicians for discussion of pertinent aspects of this relationship with patients.
bacteria from the gut lumen into the circulation, which can, in certain circumstances, trigger a systemic inflammatory response (Costa et al., 2017) .
Gastrointestinal motility
Vigorous exercise can cause delays in gastric emptying, a change which is also thought to be governed by increased sympathetic drive. This effect may be influenced by the duration and type of exercise, in addition to exercise intensity and any concurrent food or fluid intake. It is debatable whether motility throughout the whole gastrointestinal tract is affected by exercise, and research results on the effects of physical activity on orocaecal transit time are inconsistent (Costa et al., 2017) .
Nutrient absorption
The time taken for absorption of nutrients following ingestion may be prolonged during, and immediately after, intense exercise. This is thought to be due to reduced gastric emptying rates as described above, in addition to limited intestinal absorption (Costa et al., 2017) . The rate of nutrient absorption during exercise is also affected by the type of nutrition that has been ingested, which is described in more detail below.
Gastrointestinal hormone regulation
Research suggests that acute exercise may have an effect on circulating levels of certain gastrointestinal hormones, such as ghrelin, which could be a factor in appetite suppression before and immediately after exercise (Broom et al., 2009 ).
Gut microbiome
A recent systematic review has demonstrated that frequent exercise is associated with consistent changes in the gut microbiome, with an increase in the proportion of butyrateproducing bacteria. Butyrate has potent regulatory effects on gene expression. It is known to reduce mucosal inflammation in the gut and has been linked to wide-ranging intestinal and extra-intestinal health benefits, including a lower colorectal cancer risk, a reduced intestinal cholesterol synthesis and lessened insulin resistance. At this stage, there is insufficient research to directly link the effects of exercise on the gut microbiome to these health benefits. Further research is required, with better control of participants' dietary intake and exercise regimens (Mitchell et al., 2018) .
Gastrointestinal immune function
Regular exercise may regulate gastrointestinal immune function. Research on mice has suggested that regular exercise alters colon immune cell homeostasis to curb chronic inflammation in induced colitis (Bilski et al., 2018) . Regular moderate exercise has also been linked to improved gut mucosal immunity against enteric pathogens, by the postulated mechanism of increasing the proliferation of lymphocytes in gutassociated lymphoid tissue (Valdés-Ramos et al., 2010) . (Costa et al., 2017) .
Exercise and gastrointestinal disease prevention
Regular exercise has been linked to reduced risk of several gastrointestinal system diseases ( 
Colorectal cancer
There is substantial evidence associating regular physical activity with a reduced risk of colorectal cancer. Several forms of physical activity have been linked with this positive effect, including recreational exercise, occupational activity and exercise as a means of transport, in addition to a general reduction of sedentary behaviour in the workplace (Mahmood et al., 2017) . Observational studies have also associated physical exercise with increased survival in cases of colorectal cancer (Schmid and Leitzmann, 2014) . One study found a reduced risk of polyp recurrence with as little exercise as an hour per week in patients undergoing colorectal surveillance after treatment for colorectal cancer (Sanchez et al., 2012) .
Gastric and oesophageal cancer
Meta-analyses of observational cohort and case-control studies suggest that regular exercise may reduce the risk of gastric cancer and oesophageal adenocarcinoma. However, it is noted that larger cohort studies are required to investigate the type, intensity and duration of exercise required for a significant reduction in risk (Bilski et al., 2018) .
Gastroesophageal reflux disease
Although acute intensive exercise has been shown to reduce gastric emptying, which has been linked to episodes of gastroesophageal reflux during the episode of activity, regular moderate exercise may reduce the risk of gastroesophageal reflux disease. This is thought to be a result of several exerciserelated changes. First, walking or running at low or moderate intensity has been shown to increase gastric emptying rates, in contrast with the reduction in emptying demonstrated at more strenuous levels of exercise. In addition, gastric emptying appears to return to baseline level swiftly after vigorous exercise, which suggests that exercise-induced reflux should not lead to persistent issues unless intense exercise is regularly repeated. Second, exercise can be used as a means to lose weight or to maintain a healthy weight. Reduced central adiposity can lessen intra-gastric pressure, and hence, avoid recurrent gastroesophageal reflux. Finally, it is thought that exercise may strengthen the crural diaphragm, improving the integrity of the lower oesophageal sphincter (Lam and Hart, 2017 ).
Crohn's disease
A recent meta-analysis of seven observational studies suggests that regular physical exercise is associated with a lower risk of developing Crohn's disease. This was not the case for ulcerative colitis. Notably, only two of the seven studies adjusted for smoking, and most studies included no adjustment. Therefore, it is not possible to rule-out the impact of confounding factors on this finding. Further studies are required to investigate this link (Wang et al., 2016) .
Gallstones
Several cohort studies have associated regular physical activity with a lower risk of developing symptomatic gallstones, even after adjustment for body mass index and alcohol intake among other factors (Bilski et al., 2018) .
Exercise and gastrointestinal system disease
Research has shown the benefits of regular exercise for patients with inflammatory bowel disease, irritable bowel syndrome and before or after specific types of gastrointestinal surgery (Table 2) . Gastrointestinal diseases may be perceived by patients as a barrier to physical activity, a view which should be tackled by clinicians.
Inflammatory bowel disease
As described above, exercise may have a protective effect against Crohn's disease. There is also a range of evidence on the beneficial effects of exercise for patients with inflammatory bowel disease (IBD). Regular exercise while in remission may prevent future flares for patients with Crohn's disease, and can improve health-related quality of life for patients with either form of IBD. Regular exercise may help to curb certain complications of IBD, such as osteoporosis. Regular low-impact exercise has been found to significantly increase bone mineral density in patients with Crohn's disease (Bilski et al., 2016) . Increasing functional capacity pre-operatively through regular exercise is associated with lower complication rates in elective colorectal surgery Patients with stomas may avoid exercise due to misconceptions about the risks; abdominal wall exercises may reduce the risk of developing parastomal herniae Exercise following bariatric surgery may improve metabolic outcomes; limited nutrient absorption during exercise may be problematic in these patients
It is important for clinicians to remember that patients with IBD may perceive their illness as a barrier to participation in exercise or sport (Chan et al., 2014) . In addition, some clinical features of IBD may have an impact on an individual's ability to exercise, such as fatigue or arthropathy.
The potential for gastrointestinal damage with intense prolonged exercise, as described above, warrants further research to provide guidelines on exercise recommendations for patients with IBD (Bilski et al., 2016) .
Irritable bowel syndrome
A recent systematic review concluded that exercise may improve symptoms in patients with irritable bowel syndrome (IBS) and that some forms of exercise may be feasible and effective as treatment options. The review incorporated exercise interventions such as yoga, Tai Chi, mountaineering and walking. It is clear that no firm conclusions can be drawn at present, due to issues with the methodology of quantifying exercise in these multiple forms (Zhou et al., 2019) . Largescale, carefully designed and rigorously controlled studies are required to clarify the effects of exercise on IBS.
Constipation
Although immobility has been linked to chronic constipation, with increased physical activity being recommended in current guidance on early management of constipation, research has failed to consistently demonstrate that physical exercise is an effective treatment for constipation in mobile patients without IBS (Liu, 2011) .
Exercise and gastrointestinal surgery
Exercise may have a beneficial effect on patients undergoing elective colorectal surgery and after stoma formation or bariatric surgery. These patients may not be aware of the benefits of physical activity, or they may have specific needs regarding exercise. This supports the practice of giving tailored advice about exercise to patients.
Although the research on elective colorectal procedures is limited, one study found that patients who increase or maintain their functional capacity with an exercise programme preoperatively have a lower risk of post-operative complications (Mayo et al., 2011) .
A large recent survey of UK stoma patients, after surgery for colorectal cancer, Crohn's disease or ulcerative colitis, found a significant trend towards inactivity in these patients, with a drop in pre-operative activity levels after surgery. Furthermore, the study found that the majority of these patients do not meet the UK Department of Health's guidelines for recommended levels of physical activity. Fear of developing a parastomal hernia was cited as a major barrier to exercise. A significant proportion of patients could not recall being provided with advice on exercise after surgery. This is concerning, as exercise may be beneficial for these patients. In addition to the benefits for the specific diseases that led to the requirement for surgery, abdominal wall exercises (alongside wearing a support garment) have been shown to significantly reduce the risk of developing a parastomal hernia (Russell, 2017) .
Early research suggests that exercise may provide significant improvements in metabolic health for patients after bariatric surgery, compared with surgery-induced weight loss alone. There are no current evidence-based guidelines on exercise regimens after bariatric surgery and there may be challenges in maintaining adequate nutritional intake to sustain endurance exercise (Coen and Goodpaster, 2016) .
The gastrointestinal system in competitive sport
Good gastrointestinal function is required in competitive sport to deliver the nutrition required for exercise and recovery. During competition and training, gastrointestinal symptoms may impede performance during exercise. A range of nutritional strategies may reduce the risk of athletes suffering these symptoms or improve the absorption of nutrients (Table 3 ). The gastrointestinal system may be harmed by certain medications used in competitive sport or by gastrointestinal illness or injury related to participation in sport.
Gastrointestinal symptoms and performance in sport
As described above, a range of unpleasant gastrointestinal symptoms are associated with intense exercise. These symptoms are relatively common among elite athletes across many sports and are known to have a negative impact on athletes' performance during competition (Pugh et al., 2018) . Recent research has focussed on 'training the gut' as part of athletic preparation for competition, with repetitive nutritional intake during exercise. Early findings are promising, with improvement in gastrointestinal symptoms in addition to a reduction in carbohydrate malabsorption during subsequent bouts of exercise (Jeukendrup, 2017) .
Nutrition and hydration during exercise
The impact of sports nutrition on athletic performance is outside the scope of this article. However, nutritional intake has an impact on gastrointestinal function and symptoms. Research has shown that hydration status, carbohydrate intake and specific supplementation at the time of exercise may all have an effect. Despite the findings described below, great variation exists between athletes in their response to nutritional intake. Therefore, individually tailored nutritional strategies are recommended.
Dehydration has been shown to exacerbate the delay in gastric emptying caused by intense episodes of exercise. However, the rate of intestinal fluid absorption during exercise is limited, so rehydration may be challenging (Costa et al., 2017) . Notably, the rapid increase in intestinal absorption of fluids after cessation of exercise, in addition to the consumption of hypotonic solutions, has been linked to exercise-associated hyponatraemia, which can be fatal (HewButler et al., 2017) .
Athletes competing in endurance events may need to ingest carbohydrates to maintain performance. However, in one study, higher levels of carbohydrate intake were not only linked to improved performance, but also to worsened gastrointestinal symptoms, such as nausea and flatulence. The form of carbohydrate ingested may have an impact on gastrointestinal comfort during exercise. Current evidence is limited, but favours liquid sources over gels or bars in reducing gastrointestinal distress. However, this must be off-set with the increased amount of carbohydrate per volume ingested from liquid sources. It is not possible to bypass this issue with highly concentrated liquid sources of carbohydrate as, when delivered in liquid form, gastric emptying slows as the carbohydrate concentration of the consumed solution increases (Jeukendrup, 2014) .
The type of simple carbohydrate ingested during exercise may affect absorption rates. The rate of carbohydrate absorption is increased when glucose is ingested alongside fructose when compared with glucose taken alone. Glucose and fructose utilise different transport proteins to cross the cell membranes of the intestine (SGLT 1 /GLUT 2 and GLUT 5 respectively) which can work concurrently in the intestinal absorption of both sugars (Jeukendrup, 2014) .
The impact of L-citrulline, as a nutritional supplement taken immediately before exercise has shown early promising results, including an increase in gastrointestinal blood supply during exercise. L-citrulline is a non-essential amino acid that has been linked to improved performance in exercise, possibly through vasodilation and regulation of mitochondrial function in skeletal muscle. One small randomised controlled trial has suggested that this supplement may preserve splanchnic blood flow and gastrointestinal perfusion during exercise (Costa et al., 2017) . The clinical effects of this are yet to be explored.
Athletic diet and the gastrointestinal system
In addition to nutrition during exercise, dietary measures followed by some athletes including protein supplementation, probiotic use and low fermentable oligosaccharide, disaccharide, monosaccharide, and polyols (low FODMAP) diets, have been linked with various effects on the gastrointestinal system. Regular use of protein supplementation, in forms such as whey isolate, may have a negative effect on the gut microbiome. This contrasts with the suggested positive effects from exercise described above (Cronin et al., 2018) . Further research is required to determine whether frequent protein supplementation negates the positive effects of exercise on the gut microbiome.
Several studies, assimilated in a review focusing on athletes, suggest a modest clinical benefit with regular probiotic supplementation in athletes and highly active individuals in reducing the frequency, severity and/or duration of gastrointestinal infections (Pyne et al., 2015) . However, the evidence of benefit from supplementation on gastrointestinal symptoms during exercise is conflicting, and some research suggests probiotics may worsen symptoms (Costa et al., 2017) . Low FODMAP diets have been advocated in the management of IBS. One small crossover study of competitive runners found that even after a few days of a low FODMAP diet, there was a reduction in unpleasant gastrointestinal symptoms associated with exercise (Costa et al., 2017) .
Gluten-free diets have been linked to perceived performance and health benefits in athletes. There is, however, a lack of research on the gastrointestinal benefits of this approach. One small study of 13 cyclists found no benefit of a gluten-free diet on adverse gastrointestinal symptoms in non-coeliac endurance athletes. Larger-scale research is needed to confirm any or no effect (Costa et al., 2017) .
Drugs in sport and the gastrointestinal system
A review of drug use in sport is outside the scope of this article. However, drug use relating to competition and training is prevalent in recreational and professional athletes. Some of the substances used may adversely affect the gastrointestinal tract, notably non-steroidal anti-inflammatory drugs (NSAIDs) and anabolic steroids.
NSAIDs may be used by athletes to alleviate the symptoms of injury or discomfort resulting from exercise. In addition to the well-known adverse gastrointestinal effects in the general population, they have been shown to aggravate exerciseinduced intestinal injury in athletes (Costa et al., 2017) .
Anabolic steroids are synthetic testosterone derivatives that may be used by athletes in order to gain muscle mass or improve performance. As this use is illicit, research on the effects is limited, and contains only case reports and retrospective studies. Anabolic steroids can be hepatotoxic and in one case their use was linked to portal gastropathy (Sehgal and Ranpura, 2011) .
Adverse effects of competitive sport on the gastrointestinal system
Competitive sport can have adverse effects on the gastrointestinal system. More extreme forms of exercise may cause gastrointestinal bleeding and participation in sport can expose athletes to a risk of gastrointestinal infection. In addition, contact sports and intense straining during resistance training pose a risk of gastrointestinal trauma.
As described above, sustained gastrointestinal hypoperfusion during intense exercise may cause mucosal damage. In athletes, this has been linked to gastrointestinal bleeding. Early endoscopy has been advocated in the investigation of anaemia in athletes (Choi et al., 2001) .
By the nature of their regular travel for competitions and fixtures, athletes competing overseas may be at risk of travellers' diarrhoea. One study suggested that athletes are particularly susceptible to these infections around the time of competition (Svendsen et al., 2016) . Some sports may expose participants to gastrointestinal infections from direct oral contact with fresh water, sea water (Leonard et al., 2018) or mud (Mexia et al., 2013) .
In contact sports, blunt trauma to the abdomen may be sufficient to cause colonic rupture. Significant rectal injuries have been documented following perineal trauma in highspeed water sports such as jet-skiing (El Lakis et al., 2014) . Intense abdominal muscle training has been linked to hepatic duct rupture (Müller et al., 2008) .
Summary
In summary, the gastrointestinal system may be heavily affected by exercise and vice versa. It is important that patients have access to effective lifestyle advice to allow them to access the wide-ranging benefits of exercise on the gastrointestinal system and other aspects of health. Further research is required to determine the most beneficial type, duration and frequency of exercise in order to guide clinicians when giving such advice. Individuals with gastrointestinal system diseases may avoid physical activity, due to concerns relating to their disease. Therefore, clinicians may need to make specific enquiry and offer tailored advice on exercise in this group of patients. In athletes, gastrointestinal issues may impede performance, but nutritional and training strategies can be employed to reduce the impact of these symptoms on performance. It appears that regular moderate exercise may benefit gastrointestinal health, but there is a risk of harm from more vigorous exercise.
KEY POINTS
. Exercise has several short-and long-term physiological effects on the gastrointestinal system . 
